Deformable mirrors are the standard adaptive optical elements for aberration correction in confocal microscopy. Their usage leads to increased contrast and resolution. However, these improvements are achieved at the cost of bulky optical setups. Since spherical aberrations are the dominating aberrations in confocal microscopy, it is not required to employ all degrees of freedom commonly offered by deformable mirrors.
INTRODUCTION
Laser scanning confocal microscopy is a widely used technique for the investigation of biological specimens because of the high axial and lateral resolution. However, aberrations caused by the specimens itself lead to a degradation of the resolution. In the pioneering works of Booth et al.
1, 2 , the specimen-induced aberrations were corrected using a deformable mirror leading to diffraction limited resolution and significantly improved contrast. However, correcting aberrations with an deformable mirror in optical microscopes leads to bulky setups. In contrast, adaptive lenses provide axial scanning for optical microscopes while still allowing a relative compact optical setup. 3, 4 Recently, adaptive lenses with spherical tunability have been presented 5, 6 that promise an alternative possibility for aberration correction. In contrast to aberration correction with a deformable mirror, adaptive lenses allow for a compact setup and simultaneous axial scanning. Since the resolution of confocal microscopes is mainly degraded due to spherical aberrations, two adequately designed degrees of freedom of the lens surface should be enough to correct aberrations while simultaneously enabling axial scanning.
In this contribution, we present an adaptive lens with two degrees of freedom based on two glass-piezos that sandwich the membrane. We characterize the ability of the lens to correct spherical aberrations with emphasis to microscopic applications. Section 2 provides a description of the lens design and an introduction to the modeling of the lens parameters, namely focal length and spherical aberration. In Section 3, the tunability of the adaptive lens in terms of refractive power and spherical aberration is determined using digital holography and the robustness of fixed trajectories is investigated.
ADAPTIVE LENS WITH SPHERICAL ABERRATION CORRECTION

Lens design
The adaptive lens consists of a 50 µm thin glass membrane, which is glued in-between two piezo rings ( Fig. 1) . This piezo-glass sandwich seals a fluid chamber that is filled with transparent paraffin oil. The piezo rings enable a direct deformation of the glass membrane which leads to a change of the focal length of the lens depending on the curvature of the membrane. As shown in Fig. 1 , one contracting and one expanding piezo ring lead to a bending deformation with an approximately parabolic lens surface (Fig. 1 left) in comparison to two contracted rings that yield a buckling deformation with a more hyperbolic lens surface (Fig. 1 right) . In this way one can not only control the focal power of the lens but as well its spherical behavior (see [6] for a more complete description of the lens and [7] for the general principle). 
Modeling of the lens
The refractive power and spherical aberration of the lens are described in terms of Zernike coefficients of the wavefront phase. Digital holography is used to reconstruct the wavefront of a wave propagating through the adaptive lens. The phase of the wavefront φ is described using Zernike polynomials
We use the defocus Zernike coefficient α 
The defocus coefficient α 0 2 of the Zernike polynomials is used to determine the focal length f of the lens as
with the wavelength λ, the refraction indices n 0 and n 1 of the surrounding medium and the lens material, respectively, and the aperture radius a of the wavefront measuring device (see appendix 4.1 for complete deviation of (4)). The primary spherical aberration coefficient α 0 4 of the Zernike polynomials is used directly to describe the sphericity of the lens, with α 0 4 = 0 denoting a perfectly aspheric lens, i.e. without inducing spherical aberration to a wavefront with wavelength λ = 532 nm.
EXPERIMENTS AND RESULTS
After introducing the conventions and notations, we now describe how to measure the Zernike coefficients using digital holography. The holograms are recorded using a Mach-Zehnder setup in off-axis configuration (see Fig. 2 ). The reconstruction of the object beam wavefront ψ = Ae iφ is conducted using the angular spectrum method.
8, 9
The recorded hologram with intensity H(n x , n y ) is transfered to its angular spectrum with intensity S(f x , f y ) using a two-dimensional fast fourier transform (FFT). H(n x , n y ) is the intensity distribution of hologram at pixel position n x , n y , ∆x, ∆y are the size of the camera pixels and f x , f y are the (digitized) angular frequencies with f x/y ∈ N, −N x/y /2 ≤ f x,y ≤ +N x/y /2. As depicted in Fig. 3 , the angular spectrum consists of a DC contribution and a contribution from the real and the virtual image. The contribution of DC-term is removed by a high-pass filter and the twin-image is eliminated by a multiplication of a Gaussian window G with the angular spectrum. The central position (x G , y G ) of the Gaussian window is located at the center of mass of the real image contribution in the angular spectrum S. The filtered angular spectrum is then multiplied with the propagation kernel
with the propagation distance d and the wavenumber k = 2π λ . In order to obtain the phase and amplitude of the object wave, an inverse FFT is used.
The resulting reconstructed wavefront Ψ
is used to determine the phase φ and the amplitude A of the reconstructed wave The phase φ is then unwrapped using least-squares two-dimensional phase unwrapping. 10 Since the reconstruction outside the lens area is not working adequately, the reconstructed phase is cropped around its center position (x cent,phase , y cent,phase ).
The defocus and spherical aberration coefficients (see Section 2.2) are now extracted from the reconstructed phase to characterize the lens behavior. For a characterization of the lens, the actuation voltages U 1 and U 2 of the two piezo rings are tuned between 0 V and 120 V, respectively (Fig. 4) . The corresponding defocus and primary spherical aberration Zernike coefficients are determined using the described digital holography evaluation. For a data evaluation that is robust against outliers of the automatically determined center position (x G , y G ) of the Gaussian window for the filtering in the angular spectrum and the center position (x cent,phase , y cent,phase ) a data evaluation consisting of two iterations is conducted. First the center positions of the Gaussian window as well of the reconstructed phase image are automatically determined. Since the actuation voltage is changed slowly and quasi-continuously with each measurement, a smooth curvature of the resulting Zernike coefficients is expected. Thus, in the second iteration, the automatically detected center positions in dependency of the measurement number are smoothed. The outliers, i.e. the center positions not laying on the smoothed curves are re-evaluated with fixed center positions. As can be seen in Fig. 4b and Fig. 4c , the second iteration yields a robust data evaluation.
By evaluating all measured combinations of actuation voltages, we determine the range of the aberration correcting adaptive lens in terms of refractive power 1/f and primary spherical aberration coefficient α 0 2 (Fig. 5) . The lens can be operated with refractive powers between about −3 Dpt and 5 Dpt. As depicted in Fig. 5 , spherical aberration correction Zernike coefficients in the range between about −1 and 0.1 were measured with our spherical Zernike coefficient Figure 6 . Tuning the spherical aberration at fixed defocus of about 2.9 Dpt(green) 3.4 Dpt(red) 3.9 Dpt(blue). The measurement was repeated ten times, the iteration number is indicated with an increasing marker size.
actuation voltages routine. The range between 1 Dpt and 4.5 Dpt promises best aberration correction capabilities because the spherical aberration Zernike coefficients can be tuned between about −0.3 and 0 in this range. Thus, the following investigates are conducted in this range.
In order to apply the adaptive lens for aberration correction in an optical microscope, the spherical aberration has to be tuned at a fixed focal length. As a proof of principle, a look-up-table for focal length and spherical aberration coefficient in dependence of the actuation voltages and voltage tuning direction has been determined. The inverted look-up-table was used to generate actuation voltage trajectories to tune the spherical aberrations at a fixed focal length as demonstrated in Fig. 6 . Repeating the measurements ten times showed a mean refractive power standard deviation of σ 1/f,rel = 0.3 % and a mean spherical aberration coefficient standard deviation of σ Z 0 4 = 1.1 %. Consequently, the aberration correcting lens promises a robust compensation for induced aberrations in a range complementary to the lens domain shown in Fig. 5 . First experiments with an oko 37 channel deformable mirror that was used to introduce spherical aberrations suggest that the lens is able to correct these aberrations. Future efforts will focus on modeling of specimen-induced aberrations and their correction using the adaptive lens.
CONCLUSIONS
In this contribution, we presented a first investigation of the domain of an aberration correcting lens in terms of refractive power vs. spherical aberration correction. The application of fixed trajectories was demonstrated with a refractive power repeatability of a mean standard deviation of 0.3 % and a spherical aberration correction repeatability of a mean standard deviation of 1.1 %. In conclusion, this first characterization of the spherical aberration correction capability of the adaptive lens looks promising and has to be investigated further.
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Assuming a wavefront Φ, that consists only of the normalized defocus Zernike polynomial yields
Note, that Φ is zero for ρ = ±1/ √ 2.
Normalizing (9) to an aperture of unit radius, expressing it in units of wave numbers and setting ∆(ρ = ±1/ √ 2) = 0 yields
which can be simplified to
A Taylor expansion of quadratic terms results to
which simplifies to
Finally, the radius of curvature R is obtained by equaling (9) and (10)
The focal length f is then obtained using the lensemakers equation
with the refraction indices n 0 and n 1 for the surrounding medium and the lens fluid, respectively.
